Nanostructured Pt-FePO 4 thin-film electrodes consisting of Pt nanocrystals and amorphous FePO 4 were fabricated by cosputtering, and nanocomposites containing ϳ3 or ϳ5 nm Pt crystalline phases were obtained. Compared with the pure Pt electrodes, the Pt-FePO 4 electrodes containing ϳ3 nm Pt nanophases showed a significantly high efficiency, stability, and low charge-transfer resistance for methanol oxidation. The improved catalytic activities of the Pt-FePO 4 thin-film electrodes can be attributed to both an increase in the active surface area, and the possible ability of FePO 4 for the effective transfer of protons and the CO oxidation during methanol oxidation. Recently, nanostructured materials based on metal nanoparticles in an oxide matrix have been studied extensively for various applications on account of their attractive physical, chemical, and catalytic properties.
Recently, nanostructured materials based on metal nanoparticles in an oxide matrix have been studied extensively for various applications on account of their attractive physical, chemical, and catalytic properties. [1] [2] [3] Among the many metal/metal-oxide nanocomposites, Pt/metal-oxide catalysts such as Pt-WO 3 and Pt-RuO 2 have been investigated by several groups for potential use as electrodes in direct methanol fuel cells ͑DMFCs͒. [4] [5] [6] The catalytic activity improvements of Pt/metal-oxide can be attributed to physical effects ͑the increase in surface area͒ and/or catalytic effects ͑such as spillover effects͒ of the oxide matrix.
Metal phosphates are of great interest for catalytic applications due to their desirable properties, such as a high proton conductivity, acid stability, open framework structures, catalytic activity, etc. [7] [8] [9] [10] However, there are few reports on Pt/metal-phosphate electrodes for the methanol oxidation. Moreover, it is important to synthesize and investigate the nanostructured electrodes for a potential use in fuel cells, because their performance depends on the nanocomposite structures of the metal nanophase and the characteristics of the phosphate matrix. 11, 12 In this study, various nanostructures of Pt-FePO 4 electrodes were obtained, and their physical properties and catalytic activities for methanol oxidation were examined.
Experimental
Nanostructured Pt-FePO 4 thin films were deposited by radio frequency ͑rf͒ magnetron sputtering using the Pt and FePO 4 targets on indium-tin oxide ͑ITO, Samsung Corning͒ coated glass. Sputtering was performed under an Ar atmosphere with a flow rate of 30 sccm with an operating pressure of 10 mTorr at room temperature ͑RT͒. The nanostructures of the Pt-FePO 4 thin-film electrodes were modified by varying the sputtering power of the FePO 4 target from 20 to 60 W, while the sputtering power of the Pt target was fixed at 16 W. The properties of the Pt-FePO 4 electrodes were compared with those of a Pt electrode deposited for the same deposition time. Pure FePO 4 thin films were also deposited for comparison. Cu grids were used as substrates for the high-resolution transmission electron microscopy ͑HRTEM, JEM-3000F͒ analysis.
To evaluate the performance of these electrodes, methanol oxidation on these electrodes was investigated using the conventional three-electrode electrochemical system in a solution of 0.5 M H 2 SO 4 and 2 M CH 3 OH at RT. The deposited thin-film electrodes, Pt wire, and saturated calomel electrode ͑SCE͒ were used as working, counter, and reference electrodes, respectively. The active surface area of thin-film electrodes was estimated using cyclic voltammetry in the potential range from −0.2 to 0.8 V vs a saturated calomel electrode ͑SCE͒ in the 0.5 M H 2 SO 4 solution at a scan rate of 50 mV/s. The impedance measurements were carried from 40 mHz to 100 kHz with an ac signal amplitude of 10 mV in a 0.5 M H 2 SO 4 and 2 M CH 3 OH solution at an oxidation potential of 0.3 V vs SCE. All the solutions with the three electrodes were purged with N 2 gas for 30 min before each electrochemical measurement.
The nanostructures of the thin films were analyzed by HRTEM, and the atomic ratio of Fe and Pt and the actual amount of Pt in the thin films were measured by inductively coupled plasma-atomic emission spectroscopy ͑ICP-AES͒. The chemical-bond states were analyzed by X-ray photoelectron spectroscopy ͑XPS͒. 14 The Pt 4f 5/2 and 4f 7/2 peaks of the Pt films can be identified as a metallic Pt phase. The Pt phase in the nanostructured Pt-FePO 4 films exists mainly as zero-valent metallic Pt, and no oxidative peak is found, which is consistent with the inset shown in Fig. 1b . The slight peak shifts to higher energies are possibly due to the interfaces between the dispersed Pt nanoparticles and the iron-phosphate matrix. phase, even with a relatively small intensity. In Fig. 3b , the O 1s peak of the Pt-FePO 4 ͑Fe/Pt = 0.27͒ at 531 eV is attributed to the Fe-O-P bond, indicating that the iron cations are bound in phosphates and not as iron oxides. ͓No characteristic peak of iron oxide ͑Fe-O bond͒ is present at ϳ530 eV. 16 ͔ The shoulder peak at ϳ532.5 eV is attributed to the bridging oxygen ͑P-O-P͒ contribution. 17 It seems that the Pt-FePO 4 ͑Fe/Pt = 0.12͒ has mixed Fe 3+ /Fe 2+ states due to nonstoichiometric FePO 4 . To examine the active surface area of the nanocomposite thinfilm electrodes, cyclic voltammograms ͑CVs͒ were obtained between −0.2 and 0.8 V vs SCE with a scan rate of 50 mV/s in the 0.5 M H 2 SO 4 solution, as shown in Fig. 4 . The active surface area of the electrodes was determined using a hydrogen-adsorption method ͑Pt-H͒. 18 The nanostructured Pt-FePO 4 electrodes clearly show the increase in the active surface area ͑see Table I͒. Since the pure FePO 4 thin-film electrode shows a very low current density in this potential range ͑in the inset of Fig. 4͒ , the active surface area of the electrodes can be taken as active sites of the Pt surface. The increase in the active surface area for the Pt-FePO 4 electrodes, even with a small amount of Pt than the pure Pt electrode, can be attributed to the well-dispersed Pt nanoparticles and the decrease in the size of Pt nanoparticles. These results are also in good agreement with the TEM images shown in Fig. 1 . In addition, compared with the Pt electrode, the Pt-FePO 4 electrodes show a slight increase in the double-layer charging current in the range between 0.1 and 0.3 V.
Results and Discussion
The efficiency of the Pt and Pt-FePO 4 electrodes for methanol oxidation was evaluated by the current densities as a function of the applied potential in the 0.5 M H 2 SO 4 + 2 M CH 3 OH solution, as shown in Fig. 5a . Table I shows the current densities for the elec- 
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Electrochemical and Solid-State Letters, 9 ͑10͒ E27-E30 ͑2006͒ E28 trodes at 0.3 V vs SCE, near the kinetically controlled potential in methanol oxidation. The Pt-FePO 4 nanocomposite electrodes clearly show a higher current density for methanol oxidation than that of the pure Pt electrode. The increase in the current density for the methanol oxidation was mainly attributed to the increase in the active surface area of the Pt nanophase. Furthermore, the improved current density may be due to the enhanced activity of the Pt nanophase by the possible ability of the FePO 4 matrix to affect the chemisorptive and catalytic properties of Pt.
The time-dependent activity of thin-film electrodes was investigated by measuring the current densities at the oxidation potential of 0.3 V vs SCE as a function of time, as shown in Fig. 5b . The Pt-FePO 4 electrodes were able to maintain a higher steady-state activity and a lower rate of current decay for methanol oxidation than the Pt electrodes. Moreover, as the atomic ratio ͑Fe/Pt͒ of Pt-FePO 4 is increased, the steady-state activity is further enhanced, as shown in Table I . The improvements in the methanol-oxidation activity for the Pt-FePO 4 electrodes are partly attributed to the ability of the FePO 4 matrix to mediate proton transfer due to the proton conductivity of FePO 4 , resulting in a high yield on the clean Pt sites. 19 Moreover, the increased activities indicate an improvement in the poison tolerance of the reaction intermediate, CO, which blocks the Pt active sites and suppresses methanol oxidation. Therefore, CO oxidation on Pt can be promoted by the FePO 4 matrix. 20 Electrochemical impedance spectroscopy ͑EIS͒ was used to further investigate the activity of the thin-film electrodes for methanol oxidation. Figure 6 shows complex-plane plots for Pt and Pt-FePO 4 , measured in 0.5 M H 2 SO 4 and 2 M CH 3 OH at 0.3 V vs SCE. The diameter of the semicircle illustrated in EIS represents the chargetransfer resistance ͑R ct ͒. The Pt electrode shows a large R ct , revealing a slow reaction rate of methanol oxidation. The slow kinetics was caused by the poisoning by CO, which is strongly adsorbed on the Pt sites and blocks the continuous adsorption and decomposition of methanol. However, R ct for the Pt-FePO 4 ͑Fe/Pt = 0.27͒ is much Table I . Active surface areas determined from the hydrogen adsorption method in Fig. 4. Methanol oxidation activities (Fig. 5a ) and steady-state activities at the oxidation potential of 0.3 V vs SCE (Fig. 5b) 
Conclusions
The nanostructures of the Pt-FePO 4 thin-film electrodes were synthesized by cosputtering. The Pt-FePO 4 electrodes exhibited an enhanced activity and stability for methanol oxidation compared with the Pt electrode. The improved catalytic activities of the Pt-FePO 4 thin-film electrodes can be attributed to both the increase in the active surface area and the possible ability of FePO 4 for the effective transfer of protons, and the CO oxidation during methanol oxidation.
Further studies are needed to determine the optimum nanostructures and stoichiometry, and the mechanisms of electrochemical reactions in the nanocomposite Pt/metal-phosphate catalysts.
